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We propose four different thermodynamically stable structural phases of arsenic monolayers based
on ab-initio density functional theory calculations all of which undergo a topological phase transition
on application of a perpendicular electric field. All the four arsenic monolayer allotropes have
a wide band gap, varying from 1.21 eV to 3.0 eV (based on GW calculations), and in general
they undergo a metal-insulator quantum phase transition on application of uniaxial in-layer strain.
Additionally an increasing transverse electric field induces band-inversion at the Γ point in all four
monolayer allotropes, leading to a nontrivial topological phase (insulating for three and metallic for
one allotrope), characterized by the switching of the Z2 index, from 0 (before band inversion) to 1
(after band inversion). The topological phase tuned by the transverse electric field, should support
spin-separated gapless edge states which should manifest in quantum spin Hall effect.
I. INTRODUCTION
Since the discovery of graphene,1–3 various other 2D
crystals such as, silicine,4–8 germanene,5,9,10 transition
metal dichalcogenides (MoS2, MoSe2, WSe2 etc.),
11–13
and phosphorene,14–16 are being actively explored for ap-
plications in nano electronics, optoelectronics and flexi-
ble electronics. For example, graphene,17 MoS2
18 and
black phosphorene14–16 based field effect transistors have
been fabricated successfully. Among these, graphene1–3
has a very high mobility but is limited by its lack of
an intrinsic band gap, and transition metal dichalco-
genides (MoS2, MoSe2, WSe2 etc.)
11,12 while having a
direct and large band gap, are limited in their mobil-
ity. As a consequence layered structures of isoelectronic
systems, such as phosphorene, look very promising and
are being actively explored on account of their high mo-
bility combined with robust intrinsic band gap, which
can be tuned by means of strain, transverse electric field,
number of layers, adatoms etc.15,19–26 More recently, new
2D semiconductors based on few layers of arsenic, with
a puckered (similar to black phosphorous) and buckled
(similar to black phosphorous) honeycomb structure have
been predicted,27,28 which are expected to be less reactive
and have higher mobility than compared to phosphorene.
Both of these mono-layered allotropes of arsenic are be-
ing actively studied in various contexts.29–37
Motivated by Ref. [22], wherein two new forms of lay-
ered phosphorene were discussed, in this article we pro-
pose two additional stable (mono) layered structures of
arsenic, other than the already predicted puckered and
buckled form. Furthermore, we study the stability, struc-
tural and electronic properties of all four monolayer al-
lotropes, including the effect of a transverse electric field
and uniaxial in-layer strain. The nomenclature of α−
(puckered honeycomb structure analogous to black phos-
phorene), β- (buckled honeycomb structure analogous to
blue phosphorous,24 and known as grey arsenene), γ-
and δ-arsenic is chosen, keeping in mind their structural
similarities with monolayer phosphorous allotropes.22 We
find that, other than γ, rest of the allotropes are indirect
band gap semiconductors. Interestingly, all of them un-
dergo band inversion around the time reversal invariant
Γ-point in the Brillouin zone, beyond a certain critical
electric field applied in the transverse direction. More-
over, we also find that the band inversion is accompa-
nied by a topological phase transition, as confirmed by
the calculation of the Z2 index
38–40 and the topological
phase should support spin-separated gap-less edge states
which can give rise to quantum spin Hall effect. A metal-
insulator transition is also observed under the influence
of uniaxial strain, applied in-plane of the monolayers.
We also have confirmed the stability of the allotropes at
room temperature and beyond, by doing ab initio molec-
ular dynamics (MD) simulations.
The article is organized as follows: In Sec. II we briefly
describe the details of the density-functional theory cal-
culations, which is followed by a discussion of the struc-
tural and electronic properties of all the four allotropes,
and their stability based on molecular dynamics simu-
lation. In Sec. III, we study the effect of a transverse
electric field on the band structure of all the four al-
lotropes, and explicitly demonstrate the phenomena of
band-inversion and topological phase transition in all the
four monolayer allotropes with increasing electric field.
This is followed by a study of the in-plane uniaxial strain
on the electronic properties in Sec. IV, and finally we
summarize our findings in Sec. V.
II. LATTICE STRUCTURE, STABILITY AND
BAND STRUCTURE
The equilibrium structure, stability and electronic
properties are analyzed using the ab initio density
functional theory (DFT) based calculations, using a
plane-wave basis set and ultrasoft pseudopotentials, as
implemented in Quantum Espresso41. Electron ex-
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FIG. 1. Panels (a), (b), (c) and (d) display the equilibrium structure (top and side view), panels (e), (f), (g) and (h) display
the zero field intrinsic band structure along high-symmetry directions and finally panels (i), (j), (k) and (l) highlight the valence
and conduction band of α-As (puckered), β-As (grey or buckled), γ-As and and δ-As, respectively, at finite electric field applied
perpendicular to the monolayer arsenic allotropes (for three different electric field strengths). The shaded region in panels
(a)-(d) depicts the Wigner-Seitz cell and the blue arrows mark the lattice vectors. The atoms belonging to the top and bottom
layer of non-planar structures are shown in light and dark shade, respectively. The electric-field induced band inversion, which
is also accompanied by a topological phase, in all four allotropes with increasing electric field is evident in panels (i)-(l).
change and correlation is treated within the frame-
work of generalized gradient approximation (GGA) given
by Perdew-Burke-Ernzerhof functional42. Since GGA-
PBE exchange-correlation functional underestimates the
bandgap, we also calculate the electronic band structure
using the well-known GW approximation43,44, which has
been shown to reproduce the experimentally measured
bandgap in monolayer black phosphorene45 and other
materials. The kinetic energy cutoff for the wave function
is set to be 40 Ry. Supercell with a vacuum of 25 A˚ along
the z direction (perpendicular to the monolayers) is con-
structed to eliminate the interaction with spurious replica
images. Brillouin zone integrations are performed using a
Monkhorst-Pack scheme with a k-point grid of 24×24×1
for β-arsenic. Since the step size of the k-point grid is
inversely proportional to the length of the repeat vector
in a given direction, we scale the grid size accordingly for
other allotropes. Structural relaxations are carried out
until the force on each atom (total energy change due to
ionic relaxation between two successive steps) is less than
10−3 Ry/au (10−4 Ry).
Atomic arrangement and Wigner-Seitz cell of each of
the arsenic allotropes is shown in Fig. 1 and optimized
structural parameters and cohesive energies (Ec) are re-
ported in Table I. As illustrated in the diagram, β-
arsenic has a highly symmetrical hexagonal unit cell and
the rest of the allotropes have rectangular unit cell of
lesser symmetry. Although β-arsenic has some resem-
blance to graphene’s honeycomb structure, nevertheless,
the constituent atoms does not form a flat 2D-crystal like
graphene. Since As has one more electron in the p-orbital
than compared to C, the planar honeycomb structure
formed by sp2 hybridization is not stable and β-arsenic
has a buckled structure with non-zero thickness. Not
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FIG. 2. Phonon dispersion of (a) α-As, (b) β-As and (c) γ-As.
only just β, monolayers of α, γ and δ-arsenic also have
some finite thickness because of the non-planar structure
(see Table I). Interestingly, bond length of triply coordi-
nated As-atoms (see top view of the allotropes in Fig. 1)
are found to be ∼ 2.5 A˚ for α, β and δ-arsenic. Only
γ-arsenic has one small exception; although the out of
plane bonds are ∼ 2.5 A˚ long, in plane As-As bond is
slightly larger (2.57 A˚) than compared to the equilibrium
bond length [see Table I]. Since the interatomic distances
are close to their equilibrium value in all the allotropes,
it is not surprising that all four allotropes have similar
cohesive energies (Ec). Relatively small difference of Ec
(within 0.08 eV/atom) among the allotropes results from
the bond angle variation, ranging from 92
◦
to 99.5
◦
[see
Table I]. We find that, among the four variants β-arsenic
has the highest Ec and is consequently the most stable,
followed by α, γ and δ-arsenic [see Table I]. This is un-
like phosphorous allotropes, where α-phase is found to
be the most stable one22. Note that the bond-lengths,
bond-angle, monolayer thickness, and the cohesive en-
ergies reported by us are consistent (within reasonable
bounds of < 5%) with those reported for monolayer α-
As in Ref. [28], and for β-As in Refs. [27 and 28].
Before proceeding further, we establish the stability
of all four arsenic allotropes by means of first prin-
ciples molecular dynamics (MD) simulations at finite
temperature46, and by calculating the phonon disper-
sions. As shown in Fig 2, the phonon frequencies are
found to be positive for α, β and γ-As, indicating the sta-
bility of these 2D layers in freestanding form. However,
we observe large negative frequencies near the Γ point for
the out-of-plane acoustic mode of δ-As, which indicates
that δ−As monolayer allotrope can only be stabilized on
suitable substrate, that can damp the out-of-plane vi-
brations. MD calculations are performed by taking 4×4
super cell for α, β and γ-arsenic and 3×3 super cell for
δ-arsenic, while the Γ point is used for Brillouin zone
sampling. The time-step for MD simulation is taken to
be 0.145 fs with a total run time of ≈ 1ps. The ficti-
tious electron mass is chosen to be 200 a.u to ensure that
the electrons remain close to the ground state and good
control of the conserved quantities are maintained. No
TABLE I. Calculated values of equilibrium structural pa-
rameters, bandgap (∆) and cohesive energy (Ec) for arsenic
allotropes. Cohesive energy is calculated with respect to
the total energy of an isolated As atom (EAs), given by
Ec = Eα/β/γ/δ −EAs, where Eα/β/γ/δ is the energy per atom
of the corresponding monolayer allotrope of arsenic. Based
on the Ec values, we find β-arsenic (monolayer grey arsenic)
to be the most stable among the four allotropes.
Phase: α-As β-As γ-As δ-As
Bond lengths (A˚) 2.50 2.50 2.57,2.50 2.50
Bond angles (degree) 94.5, 100.2 91.7 98.7, 91.7 99.8, 99.1
Thickness (A˚) 2.39 1.39 1.68 2.40
|a1| (A˚) 4.82 3.61 3.58 5.91
|a2| (A˚) 3.68 3.61 5.92 5.93
∆b (eV) 0.70 1.62 0.86a 0.57
∆c (eV) 1.30 3.00 2.01a 1.21
Ec (eV/atom) 3.13 3.15 3.07 3.06
a Direct bandgap; b GGA-PBE; c GW
spontaneous disintegration is observed when the α-As, β-
As and γ-As structures are equilibrated at 700 K, while
δ-As is found to be stable upto 500 K. Thus, we antici-
pate that devices made from any of the arsenic allotropes
are going to be structurally stable at room temperature
and well beyond that.
Having established the stability of all four monolayer-
As allotropes, we now focus on their electronic bandstruc-
ture. According to DFT-PBE based calculations, all four
allotropes of monolayer arsenic are semiconductors and
the GGA bandgap ∆ varies from a minimum of 0.57 eV
in δ-arsenic to a maximum of 1.62 eV in β-arsenic. Addi-
tionally the GW calculations predict significantly larger
values of ∆ while maintaining the same trend as that
of the DFT-PBE calculations [see Table I], as expected.
Earlier works on monolayer α-As, have reported the GGA
(or PBE) bandgap to be 0.8 eV28, 0.9 eV31,34,36, and
HSE06 bandgap to be 1.54 eV31 which are comparable
to our GGA value of 0.7 eV and GW bandgap of 1.30
eV. For monolayer β-As, the GGA bandgap has been re-
ported to be 1.6 eV28,34, 1.71 eV28, 1.67 eV30, 1.87 eV32
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FIG. 3. Top view of the electron charge density near the valence (shaded in blue) and conduction (shaded in green) band edge
is shown in the top panel and the orbital projected density of states (PDOS) is plotted in the bottom panel for all the four
allotropes, a) α-As, b) β-As, c) γ-As and d) δ-As. The charge density is calculated for only the states within ∼ 0.2 eV of the
valence and conduction band edge.
and 1.5 eV37, which is comparable to the value we find
1.62 eV.However for β-As, the HSE06 bandgap has been
reported to be 2 eV27 and 2.2 eV30 while our GW cal-
culations indicate a much higher value of 3 eV for the
same.
The DFT-PBE band structures of all the four al-
lotropes are presented in Fig. 1(e)-(h). Note that while
the DFT-PBE method underestimates the bandgap, it
generally predicts all the qualitative features correctly.
As shown in Fig. 1(e)-(h), other than the γ-arsenic, rest
of the allotropes are indirect bandgap semiconductors in
zero electric field, although the magnitude of direct and
indirect bandgap is nearly equal in case of α, γ and δ-
arsenic [see Fig. 1(e)-(h)]. This is due to the fact that,
either the valence band or the conduction band or both
of them are very close (less than 0.1 eV) to the valence
band maximum (VBM) and conduction band minimum
(CBM) in more than one locations in the Brillouin zone,
at the Γ point and at a point close to the X point in ΓX
direction [see Fig. 1(e), (g) and (h)]. In case of β-arsenic,
the VBM and CBM is located at the Γ point and at a
location close to the M point in ΓM direction, respec-
tively [see Fig. 1(f)]. The direct bandgap at the Γ point
is significantly larger (0.34 eV) in magnitude than that
of the indirect bandgap for β-As.
To gain further insight into the orbitals contributing
to the CBM and VBM, we calculate the orbital pro-
jected density of states (PDOS) which reveals that the
states near the valence and conduction band edge to have
the character of p states [see bottom panel of Fig. 3].
Note the significant contribution from the pz states in
the PDOS plots, having out of plane electron density
perpendicular to the arsenic layers. This is further cor-
roborated by the charge density corresponding to the
states within ∼ 0.2 eV of the valence and conduction
band edge, shown in the top panel of Fig. 3. In case of
multilayer structures, these states are going to overlap
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FIG. 4. Magnitude of bandgap (DFT-PBE) in monolayer ar-
senic allotropes is plotted as a function of vertically applied
electric field. The open (filled) circles represent a direct (in-
direct) bandgap semiconductor.
between the adjacent layers (known as interlayer hop-
ping), resulting a band dispersion perpendicular to the
plane. Because of this, multilayer arsenic is expected to
have smaller bandgap than compared to it’s respective
monolayer structure. Similar effect is observed in phos-
phorous monolayers, where the bandgap is found to be
inversely proportional to the number of layer for α, β and
δ-P, while γ-P becomes metallic for two layers and be-
yond.22.
Comparison between arsenic and it’s predecessor phos-
phorous reveals several interesting facts. Due to their
similarity of crystal structure and valence electron con-
figuration, it is not surprising that we find some com-
mon features in electronic band structure of arsenic and
phosphorous allotropes. For example, the energy dis-
persion of valence and conduction band are comparable
for similar allotropes belonging to arsenic and phospho-
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FIG. 5. Contribution of a particular wave-function (at the Γ point, for band energies shown by red and blue dot) to the charge
density for (a) α-As (for 1.2 V/A˚ and 1.5 V/A˚) , (b) β-As (for 1.2 V/A˚ and 1.5 V/A˚) , (c) γ-As (0.7 V/A˚ and 1.0 V/A˚) and
(d) δ-As (0.6 V/A˚ and 0.9 V/A˚). The left and right hand side panel in each figure represents the case just before and after the
band inversion at finite electric field. This band inversion at the Γ-point, in all four allotropes ensures a nontrivial topological
invariant Z2 = 1 and thus, achieve the topological phase transition tuned by a transverse electric field. In particular α-As
becomes a topological metal, and all other phases become topological insulators beyond a critical electric field. The inset in all
four panels, displays the spin resolved bands in the vicinity of the Γ point, with spin-orbit coupling turned on, after the band
inversion at finite electric filed . The opening of the bandgap, in all four insets is evident. This is a direct consequence of the
broken inversion symmetry (on account of external field), in presence of spin orbit coupling. The values of the SOC gap along
the ΓY direction is 6 meV, 1.8 meV, and 6 meV in panels (a), (c) and (d), respectively and 15 meV along the ΓK direction in
panel (b).
rous family19,21,22. Although the valence and conduction
band energies are very close to the respective maximum
and minimum at multiple points in the Brillouin zone for
both the families, the VBM and CBM is located at dif-
ferent points for equivalent arsenic and phosphorous al-
lotropes. As a result, we find that unlike phosphorous, α
and δ allotrope of arsenic are indirect band gap semicon-
ductors and γ allotrope is direct bandgap semiconductor.
Only the β-allotrope of arsenic and phosphorous21,24 are
qualitatively similar; both of them are indirect band gap
semiconductors, although the location of VBM is differ-
ent (Γ point in arsenic and in the middle of ΓK direction
in phosphorene).
We now discuss the impact of a transverse electric field
and in-plane uniaxial strain on the bandstructure of all
four monolayer As allotropes in the next two sections.
III. IMPACT OF A TRANSVERSE ELECTRIC
FIELD
Band gap engineering in layered materials via the ap-
plication of a transverse electric field has been demon-
strated in bilayer graphene, silicene and phosphorene etc.
Motivated by these studies, in this section we investigate
the impact of a transverse electric field on the electronic
properties of all four allotropes of monolayer arsenic. In
an experimental scenario, such an electric field is equiva-
lent to the gate voltage applied in field effect transistors.
The calculation is performed by doing the structural and
electronic relaxation in presence of a sawtooth like po-
tential applied in the zˆ direction, perpendicular to the
monolayer. The evolution of electronic band structure
with changing electric field is shown in Fig. 1(i)-(l) and
the evolution of the bandgap with increasing electric field
strength is plotted in Fig. 4. We observe a transition from
indirect bandgap (with larger ∆) to direct bandgap (with
smaller ∆) semiconductor in case of β and δ-As beyond a
threshold electric field of 0.9 and 0.6 V/A˚ , respectively.
Although ∆ decreases beyond certain electric field for α
(0.8 V/A˚) and γ-As (0.5 V/A˚) also, but we do not ob-
serve any indirect to direct bandgap transition or vice
versa [see Fig. 4].
On increasing the electric field further, the bandgap
vanishes for all of the four allotropes beyond a critical
value; being maximum and minimum in β-As (1.2 V/A˚)
and δ-As (0.7 V/A˚), respectively. Interestingly, the en-
ergy gap between the original valence and conduction
band (measured in zero field) does not decrease with
increasing electric field. However, an unoccupied band
(which is significantly higher in energy than the con-
duction band, when measured in zero field) decreases
in energy with increasing electric field and ultimately
comes down below the original conduction band beyond
a critical field strength, eventually becoming the lowest
unoccupied band. Thus, for all four As-allotropes the
6bandgap is found to be insensitive to the field strength till
the crossover electric field is reached, and then decreases
rapidly at higher field beyond the critical field strength
[see Fig 4]. Note that, as the DFT-PBE method underes-
timates the bandgap, the actual strength of the electric
field required for indirect to direct bandgap and semi-
conductor to metal transition is expected to be higher.
However, we anticipate that as in the case of phosphorene
and as shown for β-As in Ref. [27], multilayered struc-
tures of these allotropes will have a smaller bandgap, and
will also undergo a similar metal insulator transition, al-
beit at smaller strengths of the electric fields.
Interestingly, we find that in three of the monolayer
allotropes: β-As, γ-As and δ-As, the semiconductor-
metal transition for a transverse field strength of
1.3, 0.8 and 0.7 V/A˚ respectively, is accompanied by
a band inversion between the valence and conduction
band at the non-degenerate and time reversal invariant
Γ point. For α-As monolayer, at external filed of 1.1
V/A˚ the valance band crosses the Fermi energy at some
point along the ΓX direction, turning it into a normal
metallic state. However on further increase in the elec-
tric field beyond 1.3 V/A˚ there is a band inversion at
the Γ-point in α-As while it is in the metallic state. The
band inversion in all four allotropes is confirmed by plot-
ting the contribution of the wave-function, corresponding
to the valence and conduction band at the Γ point, to the
total charge density. Comparing the wave-functions just
before and after the transition, as shown in Fig. 5, the
band inversion is clearly evident for all four allotropes.
Moreover, after band inversion happening at finite elec-
tric field (which breaks inversion symmetry), a gap opens
up at the pair of points where the bands cross each other,
when we switch on the spin orbit coupling [see inset of
Fig. 5(a)-(d)]. Similar band inversion has also been re-
ported in few layers of black phosphorene,47 which also
leads to topological phase transition.
Motivated by the fact that band inversion is a pre-
cursor to topological phase transition, and that it
occurs at the time reversal invariant Γ point which
is non-degenerate, we calculate the Z2 topological
invariant38–40,48 before and after the band inversion in
all four allotropes. This confirms that the β, γ and δ al-
lotropes of monolayer arsenic undergo a topological phase
transition from a normal insulator (Z2 = 0) to a topolog-
ical insulator (Z2 = 1), with increasing transverse elec-
tric field, while α-As transforms from a normal metal
(Z2 = 0) to a topological metal (Z2 = 1). The Z2 index
was calculated using the Z2-pack
48,49.
Note that all the four monolayer allotropes have a rela-
tively large bandgap, and thus require electric fields > 0.7
V/A˚ (1.2 V/A˚ for β-As), which are currently difficult
to achieve experimentally. As a possible way of reduc-
ing the large critical electric field needed to explore the
topological phase transition, multilayered allotropes of
arsenic can be a suitable candidate since the bandgap is
expected to decrease with increasing number of layers,
similar to the case of multilayered black phosphorene15,
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FIG. 6. Bandgap variation of monolayer arsenic allotropes is
plotted as a function of uniaxial strain, separately applied in
x and y direction; (a) α-As, (b) β-As, (c) γ-As and (d) δ-As.
The open (filled) circles represent a direct (indirect) bandgap
semiconductor.
and this has already been demonstrated for β-As layers27.
Thus, the multilayered allotropes are expected to show
metal insulator transition, accompanied by band inver-
sion, and possibly a topological phase transition at much
smaller critical electric fields on account of the reduced
band gap. Such topoplogical phase transition has already
been demonstrated for multilayered α-P (or black phos-
phorene) in Ref. [47].
An alternate way to emulate the transverse electric
field in layered materials, is via the giant stark effect
caused by potassium doping50,51. This has been recently
used experimentally to drive trilayer black phosphorene
into an anisotropic Dirac semi-metal state50. We antici-
pate that a similar experiment with controlled potassium
doping in As-allotropes can be possibly used to probe the
semiconductor-metal-topological phase transition.
IV. STRAIN-ENGINEERING OF THE
BANDSTRUCTURE
Other than electric field, strain engineered band struc-
ture modification is also observed in various 2D materials;
for example semi-metallic (zero bandgap) graphene can
be converted to a semiconductor by applying strain.52
Electronic band structure of monolayer P allotropes,
which are more closely related to arsenic allotropes, have
a very complex dependence on applied strain, showing
direct to indirect (or vice versa) bandgap semiconductor
and semiconductor to metal transition.21,22 In case of ar-
senic, we study the effect of uniaxial compressive, as well
as tensile strain, separately along the x and y direction,
denoted by σx and σy, respectively. Under the externally
applied uniaxial strain, atomic positions are relaxed, fol-
lowed by electronic band structure calculation for each
7of the allotropes and the variation of bandgap is plotted
in Fig. 6. We observe that, although bandgap is very
sensitive to the applied strain, but each of the allotropes
remains a semiconductor over a large range of σ values.
Energetically more stable allotropes like α and β-
arsenic undergo semiconductor to metal transition at
very high value of applied strain (∼ 10% tensile and com-
pressive, respectively), while it takes slightly less amount
of σ (∼ 5 − 6%) to induce a similar transition in γ and
δ-arsenic. As a consistency check we note that for the
case of β-As [see Fig. 6(b)], our results are qualitatively
similar to those reported in Fig. 2(d) of Ref. [27]. Note
that, dependence of bandgap on strain shows a very com-
plicated behavior and no general trend is observed, that
fits all the allotropes. For example, in α-As, bandgap
increases for compressive σx, while it decreases for com-
pressive σy and tensile uniaxial strain in both directions.
Similarly, for γ-As, bandgap changes hardly due to tensile
σy, while it decreases for tensile σx, as well as compres-
sive strain in both the directions. In case of δ-As, while
bandgap decreases due to compressive strain, it increases
for tensile σy but remains almost constant for tensile σx.
Only for the case of β-As, which has the highest sym-
metry among the four allotropes, bandgap decreases for
tensile, as well as compressive strain in both the direc-
tions. It should be noted that, strain changes the overlap
of atomic orbitals, leading to bandgap modification. A
more detail study on how the hopping integral changes as
a function of strain, in conjunction with a tight binding
model is required for a complete understanding of strain
dependence of electronic bandstructure of 2D arsenic al-
lotropes. However, since the DFT-PBE method underes-
timates the bandgap, the actual transition is expected to
occur at even higher values of σ, which is possibly well be-
yond the limit of strain that can be applied in a material.
Thus, for all practical purpose monolayer arsenic can be
used as a semiconductor, with a possibility of bandgap
tuning by strain. Finally we note that while large values
of uniaxial strain do induce metal-insulator transition in
all four monolayer As allotropes, unlike the transverse
electric field case this transition is not accompanied by a
topological phase transition.
V. CONCLUSION
To summarize, based on density functional calcula-
tions we predict four thermodynamically stable mono-
layer allotropes of As, similar to that of monolayer P
allotropes22. We calculate the structural and electronic
properties of all four allotropes, and our results for the
bond length, monolayer height, cohesive energy, bandgap
etc. for α-As and β-As are in agreement with earlier
works. Further we show that all four monolayer al-
lotropes undergo a metal insulator transition on appli-
cation of uniaxial in-plane strain, or a transverse electric
field. More interestingly, the bandgap closure via trans-
verse electric field is also accompanied by a band inver-
sion around the Γ-point and a topological phase transi-
tion which supports spin separated gapless edge states.
However on account of large bandgap in all four mono-
layer allotropes of As, the critical electric field required
to drive the topological phase transition is large (> 0.7
V/A˚) and thus difficult to achieve experimentally. We
anticipate that as in the case of multi-layered black phos-
phorene, multilayered allotropes of As may also undergo
a topological phase transition, though at much smaller
electric fields.
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